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We report a broadband 1H-NMR study of the spin dynamics of coated maghemite and gold-
maghemite hybrid nanostructures with two different geometries, namely dimers and coreshells. All
the samples have a superparamagnetic behaviour, displaying a blocking temperature TB ∼ 80 K
(maghemite), ∼ 105 K (dimer), ∼ 150 K (core-shell) and the magnetization reversal time follows
the Vogel-Fulcher law. We observed three different anomalies in 1H-NMR T−11 vs. T that decrease
in amplitude when increasing the applied magnetic field. We suggest that the anomalies are related
to three distinct system dynamics: molecular rotations of the organic groups (240 < T < 270 K),
superparamagnetic spin blockage (100 < T < 150 K) and surface-core spins dynamics (T < 25
K). By fitting the T−11 data with a heuristic model, we achieved a good agreement with magnetic
relaxation data and literature values for methyl-organic rotation frequencies.
I. INTRODUCTION
In the last 30 years much effort has been devoted to
the development of novel advanced nanostructured mate-
rials based on a proper combination of magneto-optically
active and plasmonic inorganic components tailored at
the nanoscale1–3. From an applicative standpoint, this
new class of multifunctional magneto-plasmonic nano-
heterostructures offers the detection capability of plas-
monic nanostructures, used as sensors in optics, photon-
ics and biomedicine4,5, combined with the potential of
magnetic nanoparticles in medical diagnostics, therapeu-
tics and sensing6,7. The study of such hybrid nanostru-
cures involves some fundamental issues about the inter-
play between plasmonic and magnetic properties. Specif-
ically, the influence of the plasmonic resonance on the
magneto-optical properties of the system and the ability
of the magnetic field, in turn, to modulate the plasmonic
resonance are nowadays quite widely investigated8, both
theoretically9,10 and experimentally11.
In this work we focus our attention on the spin dynam-
ics of magneto-plasmonic nanostructures, constituted by
maghemite (γ-Fe2O3), playing the role of the magnetic
component, and gold as the plasmonic component. In
order to investigate the influence of the metal on the sur-
face spin dynamics at a microscopic level, we opted for
two different geometries, i.e. dimers and coreshells: in
dimers, a spherical maghemite nanoparticle and a gold
one are bound together with a single contact interface;
in coreshells, a gold spherical core is sorrounded by a
maghemite shell.
A pure spherical shaped maghemite sample was also
studied as a reference. All samples are coated with oley-
lamine in order to minimize interparticle interactions.
After some standard chemico-physical characterization
(Raman spectroscopy, X-ray diffraction and magnetom-
etry), 1H-NMR spin-lattice nuclear relaxation times and
spectra as a function of temperature were measured in
order to gain access to the local dynamic properties of
the magnetic system. As will be argued, these properties
emerge as a consequence of a number of physical phenom-
ena, namely molecular rotation, reversal of the super-
paramagnetic moment, and surface spin dynamics. Using
a heuristic model based on the original theoretical results
by Moriya on nuclear relaxation in paramagnets12,13, we
were able to properly fit the T > 100 K data, quantifying
the correlation times and the activation energy barriers
for two distinct physical mechanisms.
II. SAMPLES AND EXPERIMENTAL
TECHNIQUES
Samples of maghemite γ-Fe2O3 (MG), γ-Fe2O3-Au
dimers (DM) and γ-Fe2O3-Au coreshells (CS) have been
synthesized in powder form, as described in Ref. [14].
MG particles were prepared heating up a mixture of
Fe(acac)3, 1,2-hexadecanediol and oleic acid under a flow
of nitrogen15. DM sample were synthesized using decom-
2TABLE I. Summary of the properties of the magneto-plasmonic nanostructures investigated: d is the mean diameter of the
whole nanostructure (iron-oxide plus gold) core obtained from TEM measurements, while dmag is the diameter of the magnetic
part (NB:for CS dmag is the thickness of the maghemite shell); TB is the blocking temperature at H = 50 Oe; τ
ac
0 is the
attempt time of the Arrhenius-like formula for the superparamagnetic correlation time, τc,SPM , while E
ac
b is the activation
energy barrier. Both τac0 and E
ac
b are estimated from ac susceptibility data using a Vogel-Fulcher law, where the offset parameter
is T0. For further details, please refer to Ref. [14].
Sample label d (nm) dmag (nm) TB (K) τ
ac
0 (s) E
ac
b (K) T0 (K)
γ-Fe2O3 MG 7.5± 1.0 7.5± 1.0 80± 10 9.80 · 10−10 572 0.01
Au-γ-Fe2O3 dimer DM 11.0± 1.0 7.1± 1.0 105± 20 1.37 · 10−9 797 40.9
Au-γ-Fe2O3 coreshell CS 15.9± 0.3 4.7± 1.3 150± 20 8.90 · 10−9 1173 53.5
FIG. 1. Qualitative sketches (not to scale) of the examined
samples: maghemite is drawn in light grey, whereas gold in
dark grey.
position of Fe(CO)5 on the surface of Au nanoparticles
16.
Finally, to prepare CS, the iron oxide was nucleated
on previously synthesized gold seeds17. An illustrative
sketch of the geometries considered for this work is shown
in FIG. 1. All the samples are coated with oleylamine.
Micro-Raman measurements were carried out at room
temperature with a Labram Dilor spectrometer equipped
with an Olympus microscope HS BX40. The 632.8 nm
light from He-Ne laser was employed as excitation source.
The samples, mounted on a motorized xy stage, were
tested with a 100x objective and with a laser spot of
∼0.7 µm of diameter. The attained spectral resolution
was about 1 cm−1. Neutral filters with different optical
density were applied to attenuate light intensity, lead-
ing to power density values ranging from 5×102 W/cm2
to 5×105 W/cm2. To avoid undesirable thermal effects,
the power density and acquisition times were kept to the
lowest feasible level; this is the reason for the low qual-
ity signal/noise ratio of this set of measurements. Sample
phase homogeneity has been verified by mapping the Ra-
man spectra from different regions of the samples.
XRPD patterns were collected at the ID31 beamline
of the ESRF facility in Grenoble18 by collecting data
at room temperature, under incident wavelength λ =
0.40000(2) A˚. The samples were loaded in 0.5 mm glass
capillaries and then allowed to spin to reduce preferred
orientations. A CeO2 standard sample was employed
to calibrate the instrumental line profile broadening pa-
rameters. The wavelength was selected by means of a
double-crystal Si(111) monochromator. The diffracted
intensities were detected through nine Si(111) analyzer
crystals, which covered 16°in 2θ. The average crys-
tallographic structure was determined applying the Ri-
etveld method19, using the software GSAS20 with the
graphical interface EXPGUI21. The line profile and the
background were fitted with pseudo-Voigt functions and
Chebyschev polynomials, respectively. The data were
corrected using f ′ and f ′′ to take into account the anoma-
lous scattering22. Cell parameters and isotropic mean
square displacement (msd) parameters were varied.
Magnetic dc susceptibility measurements were per-
formed on a MPMS-XL7 Quantum Design superconduct-
ing quantum interference device (SQUID) magnetometer
in the temperature range 2-300 K at various applied mag-
netic fields, varying from 50 Oe to 16600 Oe.
By probing 1H nuclei in oleylamine coating, nuclear
spin-lattice relaxation times, T1, and spin-spin relaxation
times, T2, were measured using a standard pulsed NMR
spectrometer in the temperature range [1.7 K,300 K] and
at two different applied magnetic fields, i.e. H = 6.5 kOe,
16.5 kOe, corresponding, respectively, to 27.7 MHz and
70.2 MHz for the proton Larmor frequency. All the sam-
ples were investigated as dry powders. The NMR signal
was sampled using standard solid echo sequences (90◦ -
τecho - 90
◦) for T2 measurements, preceded by a comb
of 90◦ pulses, saturating the NMR line, for T1 measure-
ments.
The recovery of the longitudinal nuclear magnetization
was found to be non exponential at both Larmor frequen-
cies, i.e. ν = 27.7 MHz, 70.2 MHz. A deviation from
the mono-exponential behavior can be related to a dis-
tribution of nuclear relaxation rates due to the presence
of inequivalent proton sites and a powder distribution.
Therefore, in order to measure a consistent relaxation
parameter, an effective T1 reflecting the fastest relaxing
nuclei, defined as the time at which the nuclear magne-
tization has recovered 40% of the equilibrium value, was
taken into account.
III. RAMAN SPECTROSCOPY
The spectrum from DM sample in the region 100-1800
cm−1 is reported in FIG. 2(a). The Raman modes char-
acteristic for iron oxides are observed within the 100-1000
cm−1 range23–27. Although it is well known that the fre-
quency of maghemites Raman active phonon modes can
vary with the preparation method and distribution of
vacancies within the maghemite crystal unit cell23, the
3maghemite Raman spectrum is generally composed of
three Raman active phonon modes at 365 cm−1 (T2g),
511 cm−1 (Eg), and 700 cm−1 (A1g). The latter is the
most intense and exhibit a broad scattering response23,25.
Concerning linewidhts and energy positions, maghemite
and magnetite display similar but dinstinguishable Ra-
man spectra. Indeed, the A1g mode in FIG. 2(a) for
DM sample is consistent with a predominant maghemite
fraction, even though the presence of a lower amount of
magnetite phase cannot be excluded.
The magnetite spectrum is peaked at 670 cm−1 and
markedly narrower. Its spectral features are also char-
acterized by a weak response, indicating poor scattering
properties typical for maghemite structure, further re-
duced by the small size of scattering nanoparticles. The
sharp and intense lines observed in the region above 1000
cm−1 are mainly due to vibrational units involving car-
bon atoms from the organic capping agent.
Some information can be inferred comparing spectra
from DM, CS and MG samples. The Raman spectra for
these samples in the region 100-800 cm−1 are reported
in FIG. 2(b). At first we notice that in the spectrum
from the starting material the Raman signal at around
700 cm−1 is characterized by two bands peaked approxi-
mately at 670 cm−1 and 705 cm−1, the first band having
a higher intensity. This two-component feature smeared
out in CS and DM samples, which exhibit broadened
spectral features with a maximum around 690 cm−1.
This behaviour could be ascribed to a slightly higher
amount of magnetite phase in the starting material, with
a consequent partial conversion during the formation of
nano-aggregates. The spectral broadening is also consis-
tent with a greater disorder for AuNps@FexOy particles.
Higher disorder degree causes a weakening of selection
rules with a structureless scattering in the whole Raman
region, in particular for CS sample.
An indirect confirmation of a higher degree of disor-
der is provided by the analyses of Raman lines in both
samples, once the phase transformation to the hematite
phase has been induced by laser heating. By the best-
fitting procedure on the so-obtained A1g mode at about
215 cm−1 we derived the values for the FMHM for both
samples, i.e. 9.50 cm−1 and 20.40 cm−1 for DM and
CS respectively. According to [27] the first value is con-
sistent with an average particle size close to 7 nm, and
thus in agreement with [14]. The value for CS indicates
a lower average size of nanoparticles and a greater sur-
face/volume ratio due to the coreshell morphology, lead-
ing to a higher disorder degree.
A net difference in the spectra reported in FIG. 2(b)
is observed at lower wavenumbers. For the DM sam-
ple an intense band peaks at about 250 cm−1. On the
other hand, the 250 cm−1 feature is dominant in the Ra-
man spectra of lepidocrocite23, which is an iron hydrox-
ide with an orthorhombic crystal structure: γ-FeOOH is
a common product of iron oxidation and it is paramag-
netic at room temperature and antiferromagnetic below
50 K28. If γ-FeOOH is in the proximity of gold nanoparti-
TABLE II. Rietveld refinement parameters for DM and CS
samples. Au phases belong to Fd-3m space group, while γ-
Fe2O3 ones to P4332. WF is the weight fraction.
Parameter Dimer (DM) Coreshell (CS)
a/A˚ Aubroad 4.0672(4) 4.0687(5)
a/A˚ Ausharp 4.0770(5) 4.0802(6)
% WF Aubroad 23.5(6) 27.7(1)
% WF Aubroad 46.1(5) 1.2(2)
a/A˚ γ-Fe2O3 8.356(2) 8.3564(8)
% WF γ-Fe2O3 30.4(6) 71.1(1)
U/A˚2 0.0026(3) 0.0046(3)
Rp 0.074 0.065
R(F2) 0.038 0.050
cles, the Raman scattering can be enhanced by the SERS
effect. Nevertheless, we cannot rule out for this signal an
active role of other SERS mechanisms, due to bonds in-
volving atoms from the capping agent. The absence of
this signal in the CS sample could be justified by the dif-
ferent conformational arrangement of nano-aggregates.
The localized nature of bonds in the DM sample is re-
flected by a high SERS response.
IV. XRPD MEASUREMENTS
The experimental patterns of (a) DM and (b) CS, to-
gether with their best fits, are reported in FIG. 3. The
refined parameters are reported in TABLE II. These pat-
terns were described using two Au phases, space group
Fd-3m, and a γ-Fe2O3 maghemite phases, space group
P4332. The nanostructure of the samples is evidenced
by the broadness of the diffraction peaks. It should be
noted that, thanks to the high Q resolution and to the
good counting statistics obtained at the ID31 beamline,
we are able to distinguish between maghemite (γ-Fe2O3,
space group P4332 for the disordered phase and space
group P41212 for the ordered one) and magnetite (Fe3O4,
space group Fd-3m). Indeed, magnetite and maghemite
differ in cell parameter (a = 8.344 A˚ for maghemite29
and a = 8.397 A˚ for magnetite30) and in the presence of
superstructure peaks in maghemite due to the different
extinction rules of the two space groups, even in the dis-
ordered case. These superstructure peaks are evident in
CS, while they are not detectable in DM, probably due to
the larger weight phase fraction of gold. However, the cell
parameter is an univocal marker of the nature of the iron
oxide phase31. Our Rietveld refinements then suggest the
presence of maghemite rather than magnetite. As shown
in TABLE II the atomic means square displacement (U)
for CS is almost twice the DM one. Since the data were
collected at the same T, this is a qualitative indication
of increased disorder in CS sample with respect to8 DM,
in agreement with Raman findings.
Concerning the gold phases, the shape of the diffrac-
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FIG. 2. (a) Raman spectrum of the DM sample: the arrows indicate the Raman active modes for maghemite, i.e. T2g, Eg and
A1g. (b) Raman spectrum comparison fo MG, DM and CS in the wavelenght range 100÷800 cm−1.
tion peaks suggests that in both DM and CS a bimodal
distribution is present. For Rietveld refinement we fit-
ted the pertinent peaks using two gold phases, both
coming from space group Fd-3m, labeled as Aubroad
and Ausharp (FIG. 3(b) inset), because they are char-
acterized by broad and sharp peaks, respectively. As
suggested by previously performed TEM inspections14,
sharp peaks could be related to the aggregation of Au into
clusters, while broad peaks are related to gold nanopar-
ticles tightly bound to maghemite. In the latter, due
to its small particle size, we observed the shrink of Au
cell parameter with respect to Au aggregate and to bulk
(a=4.078 A˚), as reported in literature32,33.
V. MAGNETIC MEASUREMENTS
The investigated nanostructures, as expected for iron-
oxide fine particles under a critical diameter dC of the
order of 10÷100nm, exhibit a superparamagnetic be-
haviour and an uniaxial magnetic anisotropy: conse-
quently, the total magnetic moment m of the single
nanoparticle in the ground state can assume two dif-
ferent orientations, i.e. one parallel and one antiparal-
lel to the anisotropy axis. An energy barrier Eb sep-
arates the two degenerate ground state energy levels.
The magnetic moment reversal time between these two
orientation is known as the Ne´el relaxation time, τN ,
which obeys an activated Arrhenius-like law, i.e. τN =
τ0 exp (Eb/(kBT )), assuming the absence of interparticle
interaction. When interparticle dipolar interaction can
not be neglected, as is often the case of powder sam-
ples, a ”glassy state” may emerge34,35. Consequently,
τN assumes the well-known Vogel-Fulcher form: τN =
τ0 exp (Eb/kB(T − T0)). Without an applied static mag-
netic field, the superparamagnetic energy barrier is pro-
portional to the nanoparticle volume, i.e. Eb = KeffV ,
where Keff is the effective anisotropy constant
36. The
size distribution of these nanostructures is, as previously
demonstrated14, a log-normal curve; thus, in the follow-
ing sections we will adopt the same anisotropy energy
barrier distribution, i.e.:
ρ(Eb) =
1
Eb
√
2piσ2
e−
lnEb−µ
2σ2 (1)
A quantitative estimate of parameters µ and σ2, mean
and the variance of the distribution, respectively, can be
obtained by fitting the ZFC magnetization curve at low
field (H = 50 Oe) using the following formula37,38:
MZFC =
µHMS
2kB
3keff
2
(
1
T
∫ Elim
0
E2bρ(Eb)dEb +
∫ ∞
Elim
E2bρ(Eb)dEb
)
(2)
where parameter Elim depends on the temperature.
The fitting results are shown in TABLE III and, using
Eq. 1, the estimated energy barrier distribution can
be drawn for each sample (FIG. 4). It is evident that
the presence of gold and the complex sample morphol-
ogy correlates with an increase of the anisotropy energy
barrier. In particular, the energy barrier distribution for
DM is quite similar to the one of the spherical maghemite
5(a)
(b)
FIG. 3. Refinements for (a) DM and (b) CS: experimental
pattern, calculated and residual. The inset in (a) reports Ri-
etveld refinement at large angles to highlight the high quality
of data. In the inset of (b) the calculated pattern for each
of the three phases in CS are shown: total fit (green line),
γ-Fe2O3 phase, Aubroad phase and Ausharp phase.
nanoparticle, i.e. MG: this means that the gold nanopar-
ticle attached to the maghemite surface is responsible for
only a small increase of magnetic anisotropy, a contribu-
tion likely ascribed to the local rearrangement of the sur-
face spins in proximity of the contact region. Conversely,
the CS nanostructure exhibit a significant enhancement
of anisotropy energy barrier, probably due to the com-
plex arrangement of spins on both the inner and outer
surface of the maghemite shell. Using the mean values Eb
obtained for MG, DM and CS, the effective anisotropy
constants Keff for the investigated nanostructures can
be calculated. Recalling that both surface and core
anisotropy contribute to the total effective anisotropy of
the system36,39, i.e. Keff = (6/d) · Ksurf + Kcore, the
results shown in TABLE III can be commented as fol-
lows. The Keff estimate for MG is in agreement with the
values reported in literature40 for spherical maghemite
nanoparticles with a mean diameter of 7 nm; the DM
sample features a greater effective anisotropy constant
TABLE III. Log-normal parameters, µ and σ, obtained fit-
ting ZFC data at H = 50 Oe with Eq. 2. Eb and δE are the
energy mean value and its standard deviation, respectively.
The effective anisotropy constant is calculated using the rela-
tionship Eb = KeffV , where V is the maghemite volume.
Sample µ σ EB (K) δE Keff (erg/cm
3)
MG 5.54 0.77 341.4 305.3 2.14 ·105
DM 5.86 0.86 508.8 532.7 3.75 ·105
CS 6.59 0.78 989.4 901.4 0.69 ·105
FIG. 4. Energy barrier distributions for MG, DM and CS
calculated by fitting the ZFC curve at H = 50 Oe with Eq.
2: µ and σ values are reported in TABLE III.
than the MG sample, i.e. KDMeff > K
MG
eff , possibly due
to the presence of the gold nanoparticle, which increases
the surface anisotropy contribution. On the other hand,
KCSeff is one order of magnitude lower with respect to MG
and DM: this difference can be interpreted as a direct
consequence of the nanoparticle heterostructure, namely
the lack of a central magnetic region leads to a lower core
anisotropy (the core is Au and the shell is maghemite).
Assume now to apply an external magnetic field
that dampens the magnetic anisotropy barrier41: con-
sequently, the peak in the ZFC curves (FIG. 5), mark-
ing the so-called superparamagnetic blocking tempera-
ture (TB ∝ Eb), shifts towards a lower temperature
when the applied magnetic field increases, and eventu-
ally disappears for high fields (H > 5.5 kOe). The
evolution of the superparamagnetic blocking tempera-
ture as a function of the field is described by a power
law, i.e. H2/3 ∼ (1 − TB/T0), where T0 is the block-
ing temperature at zero field42. This relation, known
as the Almeida-Thouless line, is typical of spin glasses,
but can also hold true for superparamagnetic systems43,
under the assumption mH  Eb, where m is the to-
tal magnetic moment of the single nanoparticle; on the
other hand, when mH ∼ Eb the model is no longer valid
and a disagreement between the experiment and theoret-
ical predictions can be observed (FIG. 6). The crossover
field, i.e. the field that marks the separation between
6FIG. 5. ZFC/FC magnetization curves (arbitrary units)
for six different applied magnetic fields as a function of tem-
perature for maghemite (top), dimers (middle) and coreshells
(bottom). The evolution of TB , i.e. the temperature at which
the maximum of ZFC curve occurs, is easy to follow. Param-
agnetic impurities affect DM measurements and their contri-
bution is visible at low temperatures (T < 10 K) for H > 5
kOe.
the Almeida-Thouless regime and non-linear high field
regime, is HC ∼ 525 Oe for all our samples. For weakly
interacting fine particles44 HC is ca. 150 Oe. Thus, the
value of 525 Oe is compatible with the powder form of
our samples, where interparticles interactions can not be
neglected.
FIG. 6. Evolution of the blocking temperature TB as a
function of the applied magnetic field. HC ∼ 525 Oe marks
the crossover field between the Almeida-Thouless regime and
non-linear high field regime. The parameter T0 was set equal
to TB at 50 Oe.
TABLE IV. Temperature corresponding to T−11 maxima: the
h, i and l subscripts mark, respectively, the high, the inter-
mediate and the low peak.
Sample Frequency (MHz) Th (K) Ti (K) Tl (K)
MG
27.7 275(12) 120(6) 11(2)
70.2 278(12) 135(7) 30(5)
DM
27.7 244(5) 130(5) 13(3)
70.2 252(3) 140(5) 20(4)
CS
27.7 259(10) 139(10) 5(1)
70.2 270(7) 142(10) 15(3)
VI. NMR SPECTRA AND RELAXATION
RATES
The experimental data sets of T−11 as a function of
temperature for MG, DM and CS are presented in Fig-
ure 7. As one can notice, the behaviour of the longitudi-
nal relaxation rate is qualitatively independent from the
nanostructure composition and morphology, except for
the low temperature region (T < 30 K). Indeed, over a
“background”slowly increasing with temperature, three
different anomalies can be identified, in correspondence
of three different temperatures. Furthermore, when the
static magnetic field increases, besides the damping of
the relaxation rate, a shift of the position of the peaks to-
wards higher temperature can be observed (TABLE IV).
As already proven in literature, the observation of a
peak in T−11 (T ) curve is related to the existence of elec-
tronic spin fluctuations, whose consequence is the fast
nuclear relaxation of the system via a convenient energy
exchange channel between the electronic system and the
nuclear system. As a matter of fact, if τc is the charac-
teristic correlation time of a specific dynamic motion (of
molecules, spins etc.), the Bloembergen-Purcell-Pound
7FIG. 7. (left) Longitudinal relaxation time 1/T1 plotted as a function of T for the three nanostructures examined in this
work: maghemite NPs (top), dimers (middle) and coreshells (bottom). In addition to the experimental data points, the best
fit curves to Eq. 3 are shown. (right) Transverse relaxation time 1/T2 and full width at half maximum (FWHM) as a function
of T , collected at ν = 27.7 MHz, H = 6.5 kOe for each sample.
(BPP) theory45 predicts that 1/T1 should peak when
τcωL ≈ 1, where ωL is the proton Larmor frequency.
According to these experimental observations we hy-
pothesized that the three anomalies could be due to three
different physical mechanisms. First of all, the existence
of molecular groups containing hydrogen nuclei allowed
us to relate the high temperature peak to molecular rota-
tional motions; in particular the rotations of CH2 and/or
CH3 groups in the organic coating of the nanoparticles
are assumed to be responsible for such an anomaly, occur-
ring when the inverse of the rotational correlation time
becomes of the order of ωL (i.e. τc.rotωL ≈ 1). Further-
more, these motions produce a narrowing of the NMR
spectral line of protons for T > 200 K, as reported in
FIG. 7; the transverse relaxation rate 1/T2 follows the
behaviour of the FWHM, being T2 proportional to 1/δω,
where δω is the line width.
The peak at intermediate temperature (i.e. within the
range 70 < T < 180 K) is ascribed to the fulfillment of
the condition ωLτN ≈ 1, where τN is the correlation time
of the superparamagnetic reorientation of the magnetiza-
tion inside the maghemite nanoparticle (MG, DM) or the
8TABLE V. Results of the best fit procedure of longitudinal nuclear relaxation rate, 1/T1, with Eq. 3. Attempt correlation
times (τ0,SPM and τ0,rot) and energy barriers (Eb,SPM and Eb,rot) are shown. The standard error obtained from the algorithm
is given in brackets.
Sample Frequency (MHz) τ0,SPM (s) Eb,SPM/kB (K) τ0,rot (s) Eb,rot/kB (K)
MG
27.7 3.45(1.26) · 10−10 326(51) 1.93(0.21) · 10−12 2141(47)
70.2 1.74(0.08) · 10−10 299(10) 1.94(0.20) · 10−12 1913(30)
DM
27.7 3.15(0.51) · 10−10 224(14) 2.02(0.13) · 10−12 1969(136)
70.2 5.25(0.75) · 10−10 126(15) 1.90(0.45) · 10−12 1797(60)
CS
27.7 5.93(0.57) · 10−10 160(7) 1.78(0.40) · 10−12 2061(50)
70.2 2.98(0.46) · 10−10 141(12) 1.97(0.31) · 10−12 2016(38)
shell (CS)12.
Finally, the low temperature peak is possibly con-
nected to a more complex spin dynamics inside the
maghemite part, in particular to a contribution to the dy-
namics coming from the surface spins, which are able to
just partially sense the Ne´el-like dynamics of the particle
core. On the other hand, the latter contribution to T−11
could be strongly influenced by the proximity of the gold
component to the maghemite and by the morphology of
the nanoparticle as a whole. Indeed, taking into account
that the contact surface among Au and γ-Fe2O3 is more
extended in the coreshell structure, it can be argued that:
(i) the peak occurring in fine MG is about two times
higher (at the lowest field) than the “background”value
of T−11 ; this observation allows us to hypothesize that this
peak reflects the pure maghemite surface spins contribu-
tion; (ii) on the contrary, in the dimer sample (DM), the
peak is almost quenched for both fields and only a broad
shoulder is visible; this could be due to the lack of crys-
tallinity in the maghemite component, as pointed outby
Raman spectrosopy investigation; (iii) in the core-shell
sample, the peak reaches a value three times higher than
the “background”which allows more spins at the surface
of magnetic core to enter in contact with gold (at the low-
est field), an occurrence probably due to the morphology
and to the Au-γ-Fe2O3 interactions. As a final remark,
we should observe that the anomalies at T < 30 K follow
the same qualitative behaviour as the intermediate and
the high temperature ones, i.e. decreasing in value and
displacing towards higher temperatures as the magnetic
field increases.
To obtain quantitative information about the spin dy-
namics of these magneto-plasmonic nanostructures, we
performed an analysis of the experimental data employ-
ing well-known heuristic models: a simple Bloember-
gen Purcell Pound (BPP)-like spectral density function45
can be used for all the observed correlation times, i.e.:
J(ω, T ) ∝ τc/(1 + τcω2L), where τc is the correlation time.
To account for the rotational motion correlation time
τrot we chose an activated behaviour as a function of
temperature, following the Arrhenius law well accepted
in literature: τc,rot = τ0,rot exp
(
Eb,rot
kBT
)
, where Eb,rot is
the energy barrier and τ0,rot is the attempt rotational
correlation time. For the intermediate temperature
anomaly, attributed to the maghemite magnetization re-
versal time, we assumed the existence of dipolar interpar-
ticle interactions36 that lead to a superparamagnetic cor-
relation time that follows the Vogel-Fulcher expression,
i.e. τc,SPM = τ0,SPM exp
(
Eb,SPM
kB ·(T−T0)
)
, where Eb,SPM is
the energy barrier, τ0 is the attempt time and kBT0 is
the interparticle interaction energy. This assumption is
supported by the ac susceptibility investigation14, which
are sensitive to the spin magnetization blockage and al-
low to evaluate the attempt time τ0,SPM (the results are
reported in TABLE I). Due to the complexity of the phe-
nomenon and the lack of previous investigations, the low
temperature peak was not considered in our analysis.
The data for T > 100 K were fitted to the following
equation:
1
T1
= Aχ(T )T · τc,SPM
1 + τc,SPMω2L
+B · τc,rot
1 + τc,rotω2L
(3)
where A and B are arbitrary constants proportional
to the square of the hyperfine fields fluctuations at the
proton nuclear sites. The factor χ(T )T represents the
contribution to the nuclear relaxation rate arising from
the static magnetic properties and its value corresponds
to the effective magnetic moments of the nanoparticle.
In the fitting procedure, T0 was fixed to the best fit val-
ues obtained from the analysis of ac susceptibility data
(TABLE I).
Equation 3 depends upon four free parameters, i.e. the
energy barriers (Eb,rot and Eb,SPM ) and the correlation
times (τc,rot and τc,SPM ). For a consistent data fitting,
we enforced a few constraints: (i) the rotational correla-
tion time constant, τc,rot, and the related barrier, Eb,rot,
were constrained to a small range enclosing the values
reported in literature and (ii) the superparamagnetic re-
orientation correlation time, τc,SPM was bound to be not
more of an order of magnitude larger or smaller than the
one obtained from magnetometry measurements (i.e. ac
susceptibility).
The curves resulting from the best fit procedure are
shown in FIG. 7, while the parameters are collected in
TABLE V. The values of τ0,rot and Eb,rot are mostly field-
9independent and there does not appear to be any rela-
tionship with the nanostructure morphology, in agree-
ment with the rotational barrier not being dependent
on the external magnetic field in presence of the same
coating (i.e. oleylamine). Additionally, their values are
close to the ones found in literature46,47. On the other
hand, the τ0,SPM values are compatible with the ones
obtained from ac susceptibility (TABLE I) and those re-
ported in literature for γ-Fe2O3 nanoparticles of similar
diameter48,49. As expected, a strong suppression of the
superparamagnetic barrier Eb,SPM with an increase in
the applied magnetic field is observed.
Discrepancies between the values of Eb estimated with
AC susceptibility and NMR (see TABLE I and V) can
be reconciled by recalling how the activation energy bar-
rier is affected by the application of a magnetic field41:
first of all, the average barrier in the particle ensemble
is naturally damped by a polarizing applied field, which
introduces a bias between the two possible orientation
of the magnetization along the principal anisotropy axis;
secondly, since AC susceptibility measurements are per-
formed at very low fields (10 Oe in our case14), the con-
tribution to the total anisotropy coming from surface and
collective phenomena is expected to be decidedly heavier
with respect to when a higher magnetic field, suitable for
NMR experiments, is applied. Indeed, even a moderately
high magnetic field, of the order of 102 Oe, is capable of
completely quenching any collective/disordered phase50
(i.e. a spin-glass-like phase or a superspin-glass phase),
in agreement with the observations in Sec. V.
An additional evidence that corroborates this hypoth-
esis is provided by the dependence of Eb on topology in
both NMR and AC susceptibility measurements: anal-
ysis of AC susceptibility data yields differences between
Eb values of about 600K between MG and CS, and about
400K between DM and CS; if, on the other hand, we
inspect Eb in the case of NMR at the highest applied
field H = 16.5 kOe, we observe much lower differences
between MG and DM (173 K) and between MG and
CS (158 K). We thus deduce that those contributions
to the effective anisotropy coming from interparticle in-
teractions and surface coordination, which are active at
zero applied fields, play little to no role in defining Eb
when a field is applied.
VII. CONCLUSIONS
A complete magnetic characterization, Raman spec-
troscopy, XRPD and broadband 1H-NMR investigation
of two different magneto-plasmonic nanostructures were
presented. We studied hybrid samples Au-(γ-Fe2O3)
with two different morphologies, i.e dimers and core-
shells, using pure maghemite 7 nm spherical nanopar-
ticles as a reference sample, in order to have a better
understanding of the influence of gold and of the hybrid
geometry on the magnetic properties and spin dynam-
ics. High resolution XRPD unambiguously determined
the presence of nano-structured maghemite in both sam-
ples, and the shrinking of Au cell parameter in the Au-γ-
Fe2O3 nanocomposite with respect to the bulk. SQUID
ac susceptibility measurements showed the increase of
the magnetic anisotropy energy barrier Eb when gold is
bound to the maghemite: possibly, the metal nanopar-
ticle perturbs the surface spin arrangement, resulting in
an increased surface anisotropy. Furthermore, even if
the coreshell sample exhibits a higher Eb with respect
to dimer one, we observe that KCSeff < K
DM
eff , as a con-
sequence of a lower bulk magnetic anisotropy in the CS
geometry. 1H-NMR allowed us to study the spin dynam-
ics in the three different nanostructures. Three anoma-
lies in the longitudinal nuclear relaxation rate have been
observed, which were related to distinct dynamics: rota-
tional motions of organic groups, superparamagnetic re-
orientation of the magnetization, and, probably, surface
spin dynamics. A simple BPP model was successfully
used to fit the intermediate and high temperature data,
i.e. T > 100 K, obtaining a correct estimate of the cor-
relation times and of the energy barriers, as proved by
the agreement with the literature values evaluations from
magnetometry results. A spin dynamics possibly related
to complex surface-core spin interactions was observed
in the low temperature region, but a theoretical expla-
nation of this phenomenon is still missing in literature;
thus, future more detailed investigation is planned.
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